Computer based measurement and simulation tools are very helpful in architectural acoustics projects. In this paper we will present how these tools were used in several projects of different complexity that presented challenges in aspects of room acoustics and sound system design. Some of the challenges were the limitations of a historical room, a high intelligibility multiple source/multiple receiver sound system design in a room with concave geometry, a meeting space with limited wall area for added absorption and hard surfaces for floor and ceiling, and the conflicting requirements of music and speech intelligibility in rehearsal rooms, among others. All of the spaces had high requirements for speech intelligibility and after measurements and simulations for redesign the goals were met.
Measurements for simulation of speech intelligibility in spaces with conflicting requirements 1 Introduction
Speech Intelligibility for meeting spaces and classrooms can be accomplished using passive or active methods. If the communication path is from one to many, it is often helpful to use a voice reinforcement system. These active audio systems will still require the use of passive acoustic systems to control the reverberation and will also benefit from a lower ambient noise. In a classroom however, we need to serve three communication paths; (1) teacher to student, (2) student to teacher, and (3) student to student. This quite often means that we need to control both the reverberation and the noise passively as defined in the ANSI S12.60 standard for classrooms [1] . Finally, there are situations where there are multiple conversations happening simultaneously, such as a church reception hall. This is similar to a classroom as all mitigation needs to be done passively. There are two primary factors that need to be addressed in each of these scenarios:
 Ambient noise, typically caused by items such as HVAC, plumbing noise, lighting hum, etc. In room AC units are usually the most problematic since they include a compressor inside the space they serve. Split or central systems can have better noise control by duct lengths, silencers, elbows and flexible ducts.
While noise in general is disturbing and annoying, mechanical noise has an important impact in speech intelligibility (people with impaired hearing are particularly troubled by noisy spaces). Background noise can be characterized by the Noise Criteria (NC) rating. Noise Criteria for a classroom should not exceed NC-30 [1] .  Reverberation time, when longer than recommended, can affect speech intelligibility as well as background noise levels (serving as an amplifier of noise through reflections). The spaces described in the following sections can all be considered of a similar nature to classrooms: speech intelligibility is of the highest importance and the communication paths are multiple. The recommended reverberation time for a classroom should not exceed 0.8 s [1] .
Classroom in a historical building
The Department of Speech-Language-Hearing Sciences at the University of Minnesota offers programs in speech-language-hearing sciences, audiology, and speech-language pathology. The Alice Shevlin Hall, constructed in 1905 as a campus center for women, and listed on the National Register of Historic Places, houses the SLHS department. Room 110, designed originally as the main lounge with vaulted ceilings and fireplace, is used as one of the primary classrooms for the program.
The existing acoustics were detrimental to learning, especially for the hard of hearing children that use the classroom. Given the historic status of the room, the renovation of the room for both acoustics and technology was carefully planned. The acoustic goals were to bring the room as close to the current ANSI standard for classrooms [1] as was possible without affecting the historic character of the room.
Measurements of original room conditions
Measurements were made inside the classroom at three different locations: 1 (back-left), 2 (center) and 3 (front-right). A test loudspeaker was placed at the instructor location to measure speech intelligibility using the Speech Transmission Index (STI). A dodecahedron loudspeaker was also placed at this location to measure the Reverberation Time (RT).
Ambient noise
The ambient noise varied from NC-56 to NC-62 at the selected locations with one AC unit running (the rear unit was inoperable at the time). When the room is empty, there is clearly a problem with the AC units in the room.
Reverberation time
Initial reverberation times have an average of 1.15 s at mid-frequencies, which is higher than ideal and should be lowered by the use of absorption materials.
Speech intelligibility
Intelligibility in the back of the classroom was measured at 0.54 STI without ambient noise, and much lower when ambient noise was present. The low values are a result of both the high reverberation times as well as high background noise levels.
Room acoustics design
In order to achieve the recommended reverberation time values, absorption materials were added as 25 mm (1 in Adding the absorptive panels reduced the reverberation times to levels below 0.8 s (see Figure  1) as recommended by the current standard for a classroom of this size [1] and it also increased speech intelligibility. If noise levels are reduced by eliminating existing air-conditioning units this will place speech intelligibility in the classroom at an optimal level.
Multiple sources and receivers in a concave room
During the renovations of the Minnesota Capitol we were called to advise on the sound system of the House of Representatives. In order to assess the quality of the current system we performed noise, RT and STI measurements.
The House of Representatives at the Minnesota State Capitol is a concave room, both in section and floorplan. It houses about 150 representatives and leaders, each with an individual microphone and a small loudspeaker mounted in their desk. Due to the nature of the activity that takes place in this room speech intelligibility is critical.
Measurements of existing room conditions
Reverberation time and ambient noise measurements were taken at multiple source and receiver locations across the room.
Noise
Ambient noise measurements were taken with and without the HVAC on. With the HVAC turned off the ambient noise levels were as low as NC-26, and NC-38 with the HVAC running.
Reverberation Time
The Reverberation Time measurements are shown in Figures 2-3 and show a mid-band RT of 1.4 to 1.5 seconds.
Speech Intelligibility
The Speech Intelligibility measurements used the indirect method for Speech Transmission Index (STI) allowing analysis with noise measurements made separately by us and by a third party. 
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The STI measurements looked at three different conditions. The first was without any noise from the building HVAC systems and an empty room. The next was with the measurements made previously during June of 2014. The third was using the noise measurements made during a House recess (see Figures 4-6) . The measurements made without noise only gave acceptable results of 0.60 at the back row in the center. 
Sound System Design
The sound system was replaced looking for better intelligibility. The previous system had already degraded in quality through time as the loudspeakers were originally installed in 1972.
The existing system used a custom-built DSP system installed in 1989 with only 4 delay zones defined for the space. New delay zones were defined and these were a big step towards better speech intelligibility (see Figure 7 ).
Auralization [3] was used to demonstrate the expected benefit of the improved system. The system was recently commissioned for the current year legislation session and the subjective impression from the members is that intelligibility is greatly improved and consistent with the auralized demonstrations. Do to time constraints objective measurements will be performed later this year 
High intelligibility in a live room with limited wall area
The Saint Paul Evangelical Reformed Church called us to advise on acoustical treatment that would improve speech intelligibility in their fellowship hall, located underneath the sanctuary. The room activities include meetings and social events. The room had already undergone acoustical renovations under the advice of an acoustical material manufacturer and a new ceiling was installed. This renovation proved to be insufficient as the installed ceiling material did not have the necessary absorption characteristics. However, we were asked to leave the new ceiling in place and only use the walls for the necessary additional absorption. With a low ceiling and multiple windows, wall area was limited.
Measurements of existing room conditions
The measurements were made at two locations: (1) center and (2) back. For the reverberation time measurements, two loudspeaker locations: (1) front and (2) side, and both of the microphone locations were used. The results summarized in this section correspond to loudspeaker location 1 and both microphone locations. The ambient noise measurements were made with the microphone at location 1.
Reverberation Time Figure 8: Existing reverberation time
The initial measured reverberation time (RT) in the Fellowship Hall is shown in Figure 8 .
The RT was much longer than desired for speech, however, these measurements were made in an unoccupied condition; therefore the occupied condition would reduce the overall RT in the mid-band. The loss at high frequencies was due to the large volume of the space and an excess of high frequency attenuation by the material applied to the ceiling.
Ambient noise
With all HVAC systems running normally ambient noise levels were measured at NC-44. In terms of perception, most people would say the room is more than twice as loud as it ought to be for comfortable listening. We did new measurements after turning off the heating system 
Modeling of existing room conditions
For the purpose of predicting improved acoustic conditions, an acoustic model was created using the Enhanced Acoustic Simulator for Engineers (EASE), to reflect the initial conditions and tuned to match the measurements taken on site.
The initial reverberation time (RT) as modeled by EASE in the Fellowship Hall is shown in Figure   9 .
The resulting reverberation times match closely the measured conditions, allowing us to use it as a starting point for the acoustic design and analysis. 
Reverberation Time
The added wall panels are all 60x120 cm (2x4 ft) in dimension, built of 50 mm (2 in) fiberglass board. After the addition of wall panels, the new modeled RT is shown in Figure 11 . The new reverberation time is much lower than the initial one and close to the optimal RT for this type of room (0.8 seconds at mid-frequencies). The added absorption provided by room occupancy takes the RT values from around 1.0 s at mid-frequencies for an empty room to 0.75 for a partially occupied room (the room is rarely fully occupied).
Additionally, the RTs are very homogeneous across the room and to keep this condition, the wall panels were fairly evenly distributed so this condition is not significantly changed.
Speech intelligibility
Speech intelligibility in this room was affected greatly by initial reverberation times. Initial Speech Transmission Index (STI) predictions, considering noise and signal masking, were between 0.5 and 0.7 across the room. As we lowered the RTs across the room with the proposed wall panels, the Speech Transmission Index (STI) improved, bringing the entire floor area to acceptable levels for this type of venue. For good speech intelligibility STI values should be around 0.6 [2] .
Music quality and speech intelligibility conflicting requirements
The Centennial High School decided to replace the flooring in the band room. Concerns had been raised regarding floor materials for easier maintenance (originally carpet). The school was satisfied with the existing acoustic environment and wanted to achieve similar conditions after the floor changes.
We evaluated the existing acoustical conditions in the band room, identified and diagnosed acoustical problems, and generated the input for the 3D acoustical model using EASE. This section addresses these objectives and the results of our analyses.
Measurements
Audio recordings were made during one of the rehearsals of the band over a period of about 20 minutes. These were used to analyze the existing sound levels during a typical class.
Measurements were made at the following locations:
 Location 1 near the director  Location 2 at the back of the brass section  Location 3 in the percussion section
Ambient noise
The ambient noise at these locations was not measured during this survey but was judged to be subjectively adequate. The levels throughout the band room were very consistent and so a summary of all locations was determined to be representative. We analyzed the recordings using an IVIE-35 running LEQ software to calculate a number of useful sound level metrics. These levels were found reasonable for the size of the group that was recorded and judged to be acceptable.
Acoustical modeling
Physical measurements were taken of the band room and used to create a 3D acoustical model in EASE. This model was then used to determine the reverberation time (RT) for the existing conditions as shown in Figure 12 .
The desired RT was set to 0.7 s to conform to the standard [1] . The RT at 250 Hz was slightly higher than desired, but otherwise it was considered appropriate for a learning environment.
The model was then adjusted to replace the existing carpeting with tile floor and used to determine the (RT) as shown in Figure 13 .
The RT at 250 Hz remained high as it was in the original conditions and the range from 500 Hz to 8 kHz increased a bit. However, the RT was still inside the desired range. It should be expected that the sound pressure levels would rise by a couple of decibels due to the additional reverberation. The best way to help control this slight rise in levels would be to redo the mounting of the original wall absorption. The change to the reverberation time based on the simulation is shown in Figure 14 .
This improved the reverberation time in the 250 Hz octave band and would be desirable to offset the removal of the carpet. Finally, the existing wall panel absorbers were replaced. And new panels were added to the walls.
Conclusions
Achieving ideal speech intelligibility is often a priority for the type of spaces we deal with but even though venues present various challenges there are multiple ways and tools to help us achieve the best possible conditions. Learning and communication are everyday activities that place a specific set of requirements on the venues were they occur and these need to addressed appropriately to aid in their function.
